Abstract: Biofuels, for reasons such as the high demand of fossil fuels, the need for energy security and concerns over greenhouse gas emissions, have attracted the attention of researchers. Production of biofuels can be costly. On the other hand, the environmental benefits of biofuels depend on the technique they are produced, transported and used. This article studies a mathematical programming model for optimal planning of a biofuel supply chain based on existing facilities. The developed model is based on multi-objective linear programming (MOLP) and considers the economic, environmental and social concerns related to the proposed biofuel supply chain. The model takes into account feedstock availability, biofuel demand, existing biofuel plants and processing technologies. The proposed model is used to evaluate biodiesel production from palm oil and jatropha oil based on existing biodiesel plants in Malaysia. From developed model, the ε-constraint method is applied to solve the optimisation problem. Solving of the proposed model determines the optimal quantity of biomass to be harvested, transportation schedules and the quantity of biodiesel produced at biorefineries as well.
Introduction
Recently, issues such as energy demand growth, energy consumption, and emissions, have increased attention of researchers given to natural energy resources. It has been predicted that the world's demand for energy will increase by 50% to 60% by 2030 (Holditch and Chianelli, 2008) , as a result of population growth and the pursuit of higher living standards. Biomass has been considered as a good substitute to encounter this increased demand due to the fluctuation price of petroleum and the future uncertainty of its availability (Santibanez-Aguilar et al., 2011; National Petroleum Council, 2007; Rosegrant et al., 2006) . To satisfy future energy demands, renewable energy derived from wind, biomass, and solar resources has great growth potential (Drapcho et al., 2008; Ong et al., 2011 ). Biofuel energy is considered a type of renewable energy produced from biomass resources.
Although biofuels have the potential to be used as alternatives for future fuel demand, their large scale production costs are high when compared to fossil fuels (Zarrilli, 2006) . Another issue is the management of crops used for the production of some types of biofuel and the amount of land needed for cultivation of these crops. It can also be a source of agro-residues for biofuel production. The growing demand for biomass sources, which are also cultivated for food, such as palm oil, corn and soybean, to produce biofuel has been one of the factors of increased food prices (FAO, 2008; Popp et al., 2014) . Increased demand for these crops may lead to deforestation due to the area required for cultivation of energy crops, which will result in greenhouse gas (GHG) emissions. The climate change mitigation potential of biofuels depends on other factors, such as the biomass cultivation process adopted, as well as the processing technologies used for the production of biofuels from biomass (FAO, 2008; Timilsina and Shrestha, 2011 ).
An effective strategy is needed for production of sustainable biofuel. In this paper, an optimisation model considering financial, environmental as well as social criteria of the biofuel supply chain is introduced. The model is multi-objective and aims to maximise the economic performance of the biofuel industry by minimising the total operational costs associated to biofuel production stages and minimises the environmental and social impacts by reducing, as much as possible, GHG emissions and the quantity of edible feedstocks consumed for biofuel production, respectively.
In recent years, considerable attention has been devoted to biofuel production and biofuel supply chain optimisation (Kim et al., 2011) . A variety of models exist that present the optimal design and planning of a biofuel supply chain. Several research works have focused on the development of mathematical models for improving the economic performance of biofuels by minimising total costs (Gunnarsson et al., 2004; Dunnett et al., 2007; Eksioǧlu et al., 209) . Parker et al. (2010) proposed a mixed integer nonlinear programming (MINLP) model to identify the most efficient configuration of a biofuel supply chain, considering annual profit as an objective. They evaluated the optimal production and distribution of biohydrogen from agricultural residues. A multistage mixed integer linear programing (MILP) model was addressed by Huang et al. (2010) for the strategic planning of a bioethanol supply chain to minimise the total system cost throughout the planning horizon. This model determines the size and location (see Marvin et al., 2013) of new refineries and also supplemental capacities and material flows of feedstock and bioethanol; however, the proposed model only took into account the economic aspect of the bioethanol supply chain.
Some researchers have used mathematical models to maximise the profit of a biofuel network Corsano et al., 2011 ). An et al. (2011) proposed a mathematical model for optimisation of a lignocellulosic biofuel supply chain in order to prescribe the locations and capacities of facilities, material flows and technologies. Corsano et al. (2011) considered the optimisation of sugar-bioethanol supply chain. They used a MINLP model for optimal design and analysis of a bioethanol supply chain producing biofuel from sugar cane. Some studies have been conducted to consider the environmental performance of the biofuel supply chain in addition to its economic performance (Mele et al., 2009; Giarola et al., 2011; You and Wang, 2011) , where the different to this study that it is considering the emission factors from harvesting, processing and transporting processes also the social factor such as edible or non-edible resource.
In a study by Mele et al. (2009) , a multi-objective MILP model was presented which addresses the design of a sugar and ethanol supply chain while minimising the total cost of the system and environmental impacts as well. Giarola et al. (2011) have used a multi-objective MILP framework for the strategic design and planning of a bioethanol supply chain and optimisation of environmental and financial performances through the first and second generation process. The model is multi-period and provides decisions assessing the economic and environmental performances of the supply chain. A multi-objective multi-period MILP approach for design and operation of a biomass to liquid supply chain by taking into consideration the economic and environmental criteria was described in the work of You and Wang (2011) . The model seeks the minimisation of the total annualised cost and GHG emissions and determines the optimal network, facility locations, process technology, capital cost, level of inventory and logistics decisions.
The modelling of a biofuel supply chain needs other considerations to become more sustainable, such as social criteria. Limited works have been conducted to investigate social issues in the optimisation of a biofuel supply chain in addition to economic and environmental criteria. The consideration of a social objective related to the development of a biofuel supply chain was presented in You et al. (2012) . They proposed an approach for the optimal design and operation of a cellulosic bioethanol supply chain. They developed a multi-objective MILP model under economic, environmental and social criteria. The number of local jobs created was taken into account as the social objective and life cycle of GHG emissions were measured as the environmental objective. The model determines the optimal design and plan of the supply chain, locations of facilities, capital investment, inventory and logistics decisions involved in establishing a biofuel supply chain. In this study, the ϵ-constrained method is applied to solve optimisation problem. The ϵ-constrained method is an algorithm transformation method, which can convert algorithms for unconstrained problems to algorithms for constrained problems using the ϵ level comparison, which compares search points based on the pair of objective value and constraint violation of them (Mavrotas, 2009; Yang et al., 2014; Liu and Papageorgiou, 2013) .
The food versus fuel conflict is the other important social issue in the production of biofuels. Some feedstocks used for biofuel production are also important sources of food for humans or animals and compete with food crops. Furthermore, using more crops leads to an increase of food prices. The modelling of a biofuel supply chain by taking into account this social issue leads to more sustainable biofuel production.
This study focuses on the optimal planning of a biofuel supply chain based on available resources and facilities through the development of a mathematical model. It considers the minimisation of annualised operational costs, GHG emissions in the form of CO 2 equivalent and quantity of edible feedstocks consumed for production of biofuel over the entire supply chain. In this study, edible feedstock is palm oil, while non-edible feedstock is jatropha oil. The proposed mathematical approach is a multi-objective linear programming (MOLP) model and it takes into account optimal selection of feedstock, harvesting and transportation schedules, as well as biofuel production in biorefineries. Model development of MOLP for closed loop supply chain has been study by Godichaud and Amodeo (2015) and Bottani et al. (2015) and production distribution by Niknamfar (2015) . However, the authors were not study the environmental and social factors.
There are several options for the optimal planning of a biofuel supply chain. In real world situations, there are some uncertainties, such as supply, demand and operational uncertainties, which could impact the performance of the supply chain. Improving the proposed model in order to consider these uncertainties could be a future extension of this research.
Problem statement
This research investigates the optimal planning of a biofuel supply chain by the development of a mathematical model considering the economic, environmental and social criteria. the economic factors are including harversting, preprocessing, transporting and processing costs. The proposed model seeks to minimise the total production cost, GHG emissions and quantity of edible feedstocks consumed for the production of biofuel. The general structure of the supply chain network considered in this study includes:
• a set of biomass resources where biomass types are cultivated and harvested
• a set of production sites where biomass is converted to biofuels
• a set of demand zones.
The objective is to determine the optimal quantity of biomass to be harvested, optimal biomass feedstock and biofuel flows and optimal quantity of biofuel to be produced at biorefineries so that the total operational cost, GHG emissions and edible feedstock consumption are minimised.
The model development is covering the following. Harvesting i type of biomass in field of h is assumed nearby location l of preprocessing. Assumed that transportation costs from harvested biomass h to preprocessing plant l are covered by harvesting process cost, which is C har i,l . In other hand, during harvesting, there is emission produced, which is called E 
The indices accordingly are listed in Table 1 . The input parameters related to Figure 1 and decision variables are presented in Table 2 and Table 3 , respectively.
Mathematical formulation

Economic objective
The economic objective to be minimised is the total operational cost of the system throughout the planning horizon. The planning horizon is set to one year. Similar model has been studied by You et al. (2012) . The total operational cost (C T otal ) includes biomass production and harvesting cost (C har ), feedstock pre-processing cost (C pre ), feedstock transportation cost (C tr ), biofuel production cost (C pro ) and distribution cost (C ds ). It should be noted that capital cost is not included in this study. Emission factor for distribution of biofuel via ocean The components of total operational cost are as follows: Equation (2) represents the biomass production and harvesting cost. The production and harvesting cost of biomass equals the sum of the all biomass types harvested from all resources multiplied by their associated production and harvesting cost (C har i,l ).
Equation (3) shows the pre-processing cost of the feedstock. It is assumed that all harvested biomass are pre-processed as soon as possible after harvesting, so the pre-processing cost of the feedstock is equal to the total quantity of biomass harvested from all resources, multiplied by their relevant pre-processing cost (C pre i ).
The transportation cost of the feedstock, equation (4), is equal to the sum of all pre-processed feedstock which is shipped from resources to biorefineries multiplied by distance-dependent road transportation cost (T 1 r i ) and ocean freight (T 1 s i ).
Equation (5) shows the production cost of biofuel, which equals the total amount of biofuel produced from all biomass types at all biorefineries multiplied by the corresponding production cost (C p i,w ).
Equation (6) describes the distribution cost of biofuel, which is equal to the total amount of biofuel shipped from biorefineries to demand zones multiplied by distance-dependent road distribution cost (T 2 r i ) and ocean freight (T 2 s i ).
Environmental objective
The environmental evaluation includes GHG emissions through the biofuel supply chain. The total GHG emissions resulting from the biofuel supply chain (E T otal ), equation (7), is defined as the summation of emissions from biomass production and harvesting (E har ), emissions from pre-processing of the biomass feedstock (E pre ), emissions from the transportation of the feedstock (E tr ), emissions from biofuel production (E pro ) and emissions from the distribution of biofuel (E ds ). The environmental objective is reported in terms of CO 2 emissions.
The total emissions from the production and harvesting of biomass feedstock are shown in equation (8). This term equals the sum of the all biomass types harvested from all resources multiplied by their corresponding emission factor (E p i ).
Equation (9) represents the emissions from the pre-processing of feedstock. This equation expresses that the total emissions from pre-processing of feedstock equal the sum of the all biomass types harvested from resources multiplied by their related pre-processing conversion factor (η i ) and pre-processing emission factor (E pre i ).
The total emissions from the transportation of the feedstock from resources to biorefineries are defined in equation (10).
where (Et The total emissions from the conversion of the feedstock to biofuel equal the total amount of biofuel produced at all biorefineries multiplied by corresponding production emission factor(E c i ), equation (11).
Equation (12) presents the total emissions from the distribution of biofuel from biorefineries to demand zones.
where (Ed 
Social objective
The social objective of this study is the minimisation of the total amount of edible feedstocks consumed for biofuel production (Q
T otal e
). Edible feedstocks are feedstocks which are common between human food resources and feedstocks used for the production of biofuel. Equation (13) represents the social term:
where β i equals 1 if the feedstock is edible, otherwise it equals 0.
Constraints
The constraints take into account the major characteristics of the biofuel supply chain, such as feedstock and facility availability, biorefinery capacities and biofuel demand. Due to the fact that it is not possible to harvest feedstock above the available quantity, the total amount of biomass feedstock type i that is collected from feedstock resource l (Q i,l ), cannot exceed its maximum yield (Y i,l ).
It is assumed that the pre-processing facilities are located close to the fields and resources and all harvested biomass are pre-processed as soon as possible after harvesting. All the pre-processed feedstocks are shipped to biorefineries.
where η i is the pre-processing conversion factor for feedstock type i and X i,l,w is the amount of feedstock type i that is shipped from resource l to biorefinery w. The total amount of biofuel produced at each biorefinery w, equals the amount of transported feedstocks from all resources to each biorefinery multiplied by its conversion factor.
,w is the amount of biofuel produced from feedstock type i at biorefinery w and α i is the conversion factor for biofuel produced from feedstock type i.
The total amount of biofuel produced from all types of feedstocks at biorefinery w, should not exceed the maximum refinery capacity.
R w is the capacity of biorefinery w. All the biofuel produced at each biorefinery from each type of feedstock is shipped to all demand zones.
,n is the amount of biofuel, which is produced from feedstock type i, shipped from biorefinery w to demand zone n.
The total quantity of biofuel shipped from all biorefineries to each demand zone, should fulfil the demand.
D n represents the demand at each demand zone.
It should be noted that all the variables are non-negative. It can be summarised that
subject to constraints (20) where C Total , E Total , Q Total e and contraints are discussed above.
Case study
The case study is assessed for Malaysian biofuel supply chain management. Malaysia are located in east Asia which has 13 states and three federal territories. 11 states and two federal territories are located in Peninsular Malaysia, and two states are located in East Malaysia. We assumed that federal territories, Putrajaya and Labuan has no biomass resource. The resources in state of Perlis are assumed to be located in state of Kedah. Each state has preprocessing plant, which is located nearby resource location.
Transportation from resources to biodiesel plant will be performed by land and sea. Biodiesel plants are located in several states such as Sabah, Johor, Selangor, Pahang, Perak and Negeri Sembilan. Biofuel from the biodiesel plants are transported by land and sea transportation to demand zone. The structure of biodiesel supply chain is as shown in Figure 1 . The MOLP model introduced in the previous section is used to consider the economic, environmental and social performances of biodiesel production from oil palm fruit and jatropha in Malaysia. In this study ϵ-constraint method is used for solving the optimisation problem.
Biodiesel, as a product of the chemical reaction of oil or fat with an alcohol, has received considerable attention due to the resulting similarities of the biofuel produced with petroleum diesel. Malaysia produces large volumes of biodiesel (Johanston and Hollaway, 2007) . Various kinds of feedstock can be used as sources for biodiesel production. Over 95% of biodiesel is currently produced from edible oil (Yusuf et al., 2011) . Malaysia is an equatorial country with an average rainfall of 250 cm a year and daily temperatures that fluctuate between 20
• C and 30 Swee-Hock, 2007) . The country has two geographically distinct components, Peninsular Malaysia in the west and East Malaysia in the east. A detailed description of the case study follows.
Feedstock resource
In this study, each state is considered as a feedstock resource. As the resources are spread across the states, to calculate the transport distances, resources are assumed to be lumped at the centre of each state.
Feedstock data
The annual fresh fruit bunch (FFB) yield in each state in 2012 (average yields reported for three years up to 2012) and the total area covered by mature oil palm plantations in Malaysia were obtained from the Malaysian Palm Oil Board (MPOB), which are shown in Tables 4 and 5 . The average yield of crude palm oil in 2012 was 20.35% by weight (Malaysian Palm Oil Board, 2013) . Production and harvesting cost of FFB provided by Wahid and Simeh (2009) is MYR 214/t FFB. Production cost of FFB consists of up-keeping, fertiliser application, harvesting, in-field transportation and general charges. The extraction cost of crude palm oil from FFB is estimated at MYR 36.25/t FFB by Man and Baharum (2011) for large scale palm oil mills. Malaysia has good climate conditions for the cultivation of jatropha. The potential area for the cultivation of jatropha is given in Table 6 (Jatropha Curcas Grower Murabahah Programme, 2012). Since jatropha grows in all types of soils and even marginal lands (Gour, 2006; Ong et al., 2011) ; it has been assumed that the total area under jatropha plantation in each state is proportional to the state's area. According to the Bionas jatropha biodiesel project, the yield per acre is 3.6 metric tons of fruits in the first three years. Jatropha oil is obtained from jatropha seeds. The oil content of jatropha seed is around 33% (About Jatropha Curcas, 2013). The production cost of jatropha was estimated at MYR 535/t seed based on Puteh and Sivapragasam's (2008) presentation. The crushing cost of jatropha seeds has been reported at MYR 170/t seed (Global NRG Ltd., 2013) . It should be noted that an appropriate producer price index (PPI),which includes the inflation rate, was used to inflate the costs. Furthermore, all costs are converted to Malaysian Ringgit with the exchange rate of 3.03. 
Biorefinery location
Transportation
It is assumed that transportation in West Malaysia is performed by diesel truck and transportation between the east and west is performed by ship. All the items in the West that are to be transported to East Malaysia, are transferred to Port Klang and shipped to Kota Kinabalu in Sabah and Kuching in Sarawak. The distance between each pair of states and ports was obtained from Google Maps and the Ports website (Sea Routs and Distance, 2012) . The cost of transportation by truck is based on data reported by Kim et al. (2011) . The ocean freights were obtained from Malaysia Logistics Buzz (Sea Routs and Distance, 2013) . Similar to the feedstock related costs, the costs of transportation via truck are inflated using an appropriate PPI.
Biodiesel production
Biodiesel is produced using different methods. The most common method for biodiesel production is transesterification (Barnawal and Sharma, 2005) . The chemical conversion of vegetable oil or fats to biodiesel is called transesterification (Demirbas, 2007) . According to the study by Singh et al. (2006) , the optimal yield of biodiesel using an alkaline catalyst, which is normally used for biodiesel production, is 95.8%.
Demand data
According to data obtained from the Malaysia Energy Information Hub (MEIH), the final demand for biodiesel in Malaysia in 2012 was 115 ktoe. In this study, each state is considered as a demand zone and it has been assumed that the demand of each state is proportional to its population.
Emission factors
The emissions data were carried out from the method specified by the UK renewable fuel agency (UK Renewable Fuels Agency, 2010). The total GHG emissions resulting from a biodiesel supply chain is reported in terms of CO 2 equivalent. The emission factors for palm oil and jatropha are summarised in Tables 7 and 8 . 
Solution strategy
The ε-constraint method is one of the most widely used methods for multi-objective optimisation problems in finding the most optimal solutions (Mavrotas, 2009 ). This method is based on the aggregation of multi-objective optimisation problems into single-objective problems. The steps of ε-constraint method are as follows (Diwekar, 2008) :
1 One of the objectives is chosen as the main objective function.
2 The upper bound of parameter ε is determined by solving the optimisation problem for the main objective which is chosen in the first step.
3 The problem is solved according to each sub-objective function, separately. The optimal solutions obtained by optimisation, represent the lower bound of parameter ε.
4 The Pareto optimal set is defined by running the model with the main objective function and different values of ε which are laid between the lower and upper bounds of ε.
Result and discussion
The MOLP model presented in this study has been solved with the ε-constraint method.
The model was coded in MATLAB software and was solved using a linear programming solver.
In this study, the economic objective is considered as the main objective and the environmental and social criteria are transformed into constraints. The determination of the lower and upper bounds of ε for each objective function is the next step in this method. The lower bound of ε is determined by minimising the environmental and social objectives subject to constraints, separately. In the last step, ε is fixed to 10 intervals between the lower and upper bounds for each sub-objective and added as a constraint to the model. In this way, one optimal solution is obtained in each run. An approximation of Pareto optimal set is defined by running the model for different values of ε. The proposed MOLP model and solution strategy were applied to the case study in Malaysia. Table 9 demonstrates the trade-offs among the economic, environmental and social objectives, which are obtained through the optimisation process, for the selected case study. In this table, each row represents an optimal solution for planning of biodiesel supply chain. Comparing the optimal solutions reveals that decreasing the operational cost causes an increase in edible feedstock consumption and GHG emissions. The decision maker can take the one from a set of solutions that fits the requirements. In this case, solution S 5 has been selected as a good choice among optimal solutions, because the total GHG emissions and edible feedstock consumption decreased significantly at this point, while the operational cost is approximately in the middle of its lowest and highest acceptable amounts. From another point of view, based on the Malaysian Biodiesel Association's calculations in 2007, palm oil biodiesel could be produced for MYR 2,960/t when the price of CPO is at MYR 2,500/t and the operating cost is taken into account, whereas the cost of biodiesel production at biorefineries for the selected optimal solution is MYR 2,575/t biodiesel. Tables 10 and 11 show the summary of decisions related to solution S 5 . 
Conclusions
A mathematical model for optimal planing of biofuel supply chain considering production line, environmental and social factors is developed. Developed model is followed the MOLP standard form. A MOLP model was proposed to minimise the total operational cost, GHG emissions and edible feedstock consumption used in the production of biofuel. The proposed model was illustrated through the case study for production of biodiesel from palm oil and jatropha in Malaysia. The model was solved using the ε-constraint method.
The results showed that production of biodiesel in Malaysia from a combination of palm oil and jatropha is most sustainable. According to the optimal solutions obtained from the optimisation process, reducing the operational cost causes an increase in GHG emissions and edible feedstock consumption. The selected optimal solution at MYR 326,990,000 operational cost, 146,000 t CO 2 emissions and 340,440 t edible feedstock consumption, could be a good solution for the production of biodiesel in Malaysia, as the total emissions and edible feedstock consumption are significantly decreased.
